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Energy distribution curves of laser-induced electron pulses from a tungsten tip have been measured as a
function of tip voltage and laser power. Electron emission via tunneling through and/or excitation over the
surface barrier from photoexcited nonequilibrium electron distributions are clearly observed. The spectral
shapes largely vary with the emission processes and are strongly affected by electron dynamics.
Simulations successfully reproduce the spectra, thus allowing direct insight into the involved electron
dynamics and revealing the temporal tunability of electron emission via the two experimental parameters.
These results should be useful to optimize the pulse characteristics for many applications based on

ultrafast laser-induced electron emission.
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Applying strong electric fields to a metallic tip with
nanometer sharpness enables electron emission via tunnel-
ing into the vacuum (field emission), producing continuous
electron beams with high brightness and coherence [1-5].
[Mlumination of such tips by femtosecond laser pulses in
combination with a moderate dc voltage applied to the
tip has realized pulsed field emission with spatiotemporal
control with femtosecond and nanometer resolution,
making it attractive for both basic research and new appli-
cations like time-resolved electron microscopy, spectros-
copy, holography, and also free-electron lasers [6-9].
However, the detailed spectral and temporal characteristics
of such electron pulses with respect to variation of the
relevant experimental parameters are as yet poorly known.
Therefore, optimal conditions for their generation remain
to be established.

So far, their emission mechanisms have been intensively
studied [6-18]. It is reported that different processes be-
come dominant depending on the strength of the optical
fields on the tip apex [6,7,10,11,13]. For relatively weak
fields, single-electron excitations by single- and multipho-
ton absorption are prevalent, and photoexcited electrons
are tunneling through the surface potential barrier (photo-
assisted field emission) or emitted over the barrier (photo-
emission). On the other hand, very strong fields largely
modify the tunneling barrier and prompt field emission
from the Fermi level (optical field emission).

Here, we used low-intensity laser pulses whereby elec-
tron dynamics due to strong-field effects are not supposed
to be observed [17,18], and we characterize the laser-
induced field emission from a tungsten tip spectrally and
temporally by measuring electron energy distribution
curves (EDCs) at high resolution, and by simulating
transient EDCs for various laser powers and dc voltages.
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The results show spectral and temporal tunability via the
two experimental parameters.

Figure 1(a) schematically illustrates our experimen-
tal setup. A tungsten tip with its axis along the [011]
crystal direction is mounted inside a vacuum chamber
(9 X 10~ mbar). Laser pulses are generated in a Ti:sap-
phire oscillator (center wavelength: 800 nm; repetition rate:
76 MHz). The temporal spread of the laser-pulse intensity
profile is estimated to be roughly 100 fs in FWHM just at the
tip apex. The laser light was focused to 4 um (1/e? radius)
onto the tip apex. Linearly polarized laser light was used,

(@)

Electron y :
Lens :
€. o

LEEEED e’ z

Heating
% High voltage
Pinhole Plate = (negative) :
with Phosphor Vacuum Chamber :

i Hemispherical
Analyzer

Emission Pattern
on Plate

o A

Lens Holder

Tungsten Tip
Pinhole on Heating Wire

\ Light from Outside

FIG. 1 (color online). (a) a schematic diagram of the experi-
mental setup (see text for further description). (b) a photograph
of the experimental setup. The inset is the front view of the
atomic structure of the tip apex based on a ball model.
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with the polarization vector parallel to the tip axis. The tip
can be heated to clean the apex and also negatively biased
for field emission. A pinhole plate with phosphor coating
was mounted in front of the tip to observe emission patterns
from the tip apex, and to define a specific emission site
for electron spectroscopy. A hemispherical analyzer (VG:
CLAM?2) is used to measure EDCs of the emitted electrons
passing through the pinhole. The tip can be moved along
five axes as used in our previous work [7,8]. The tip axis is
set to be orthogonal to the pinhole plate.

A photograph of the experimental setup is shown in
Fig. 1(b). The field emission pattern of the clean tungsten
tip can be observed on the phosphor plate where the most
intense electron emission is observed around the [310]-
type facets. The emission sites are highlighted by green
(gray) areas with white edges on the schematic front view
of the tip apex in the inset of Fig. 1(b). The pinhole is
positioned at the edge of a [310] type facet, which is
roughly indicated by a circle in the inset. Note that the
selected site is also the most intense emission site in the
laser-induced field emission [7,8].

Figure 2(a) shows an EDC of field emission at a tip
voltage Vi, of —2300 V. The peak of the spectrum defines
the Fermi energy E at 0 eV. The spectrum shows a typical
asymmetric peak, which can be understood by the diagram
in Fig. 2(a). The field emission current is influenced by
two factors: (1) the electron occupation number and (2) the
transmission probability through the surface barrier
[1,2,19,20]. The occupation number is given by an electron
distribution function f(E), which is the Fermi-Dirac dis-
tribution function in the case of field emission, and the
transmission probability depends exponentially on an area
of the surface barrier indicated by the hatched area.
Therefore, the positive energy side of the spectrum falls
off due to a rapid decrease of the occupation number, while
the negative energy side falls off because of the exponen-
tial decay of the transmission probability due to the in-
crease of the surface barrier area. Thus a typical field
emission spectrum shows such an asymmetric peak. An
energy spread of 0.21 eV was observed, which is close to
the value measured with 1 meV energy resolution in pre-
vious work (0.19 eV) [21], confirming our reasonable
energy resolution.

Upon low-intensity laser irradiation, the electron distri-
bution is modified by single-electron excitations due to
multiphoton absorption, resulting in a nonequilibrium dis-
tribution characterized by a steplike profile as illustrated in
the upper panel of Fig. 2(b) [15,22,23]; the width of each
step corresponds to the photon energy hv (= 1.55 eV).
Here we identify the step edges of one-photon excitation
(1IPE), 2PE, and 3PE as shown in Fig. 2(b). In a real
situation, however, the excited electrons relax mainly by
electron-electron (e-e) scattering on a time scale of a few
femtoseconds, which is shorter than our laser pulses. As a
result, the electron dynamics is reflected in a smeared

(@) 1) 4

X‘ .
) A -
14 Ll
& 2000
2 i (FWHM =021 6V
S 1000 f |
Q b
SN I | S E
0 2 4 >
Electron Energy (eV) Electron Energy
(©) 1€ Er 1PE 2P (d) fE)\e- 1PE 2PE 3PE
P o Ao
1 1 1 1 H
1 1 H
1 1 H
s !
[ » 1
1 1 H
y R
X ! X 1 1 1
i Y. Y ! ! '
8000 19x 20 ! | i ‘: i i
@ ! ! & 160 i i !
5 ! Q i i i
e i e Y
[] L | %) 1 1 1
£ 4000 i 1 ) £ 80 ! : |
3 P 3 oo
1 1 1 1
© S o o
0 L u 0l
0 2 4 0 2 4

Electron Energy (eV) Electron Energy (eV)

FIG. 2 (color online). (a) EDC of field emission from the
tungsten tip together with a schematic diagram of field emission
from a Fermi-Dirac distribution tunneling through a surface
barrier. The transmission probability depends on the hatched
area. The tip voltage V;, was —2300 V. (b) schematic diagrams
of nonequilibrium electron distributions just after laser absorp-
tion without (upper panel) and with (lower panel) electron-
electron scattering. (c¢) and (d) show experimental EDCs and
schematic diagrams of photoassisted field emission and photo-
emission, respectively. The magnified spectrum is also shown
in (¢). (¢) Vi = —2300 V and the laser power P, = 50 mW.
(d) Viip = =500 V and P, = 50 mW.

electron distribution, as shown in the lower panel of
Fig. 2(b). This feature should be reflected in the EDCs.

Figure 2(c) shows an EDC of laser-induced field emis-
sion at Vi, = —2300 V and a laser power P, of 50 mW.
The spectrum shows the field emission peak undisturbed
with identical shape and intensity as in Fig. 2(a), and
additional peaks at the 1PE and 2PE edges are clearly
observed. The latter show the same asymmetric shape as
the field emission peak. Thus, photoassisted field emission
is confirmed experimentally. Regarding the relative inten-
sities, photoassisted field emission from 2PE is much
higher than that from 1PE even though the occupation
number at 1PE is higher; this is because the transmission
probability at 2PE is quite high. Note that photoassisted
field emission from 2PE has not been observed for excita-
tion with a continuous-wave laser [24]; these electron
distributions are supposed to be largely different from
our case.

An EDC at V;, = =500 V and P, = 50 mW is dis-
played in Fig. 2(d). In this spectrum, the nonequilibrium
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electron distribution function becomes more noticeable.
Field emission and photoassisted field emission processes
are suppressed due to the low dc field, and photoemission
over the surface barrier dominates, for which 3PE is re-
quired. The peak shows a spectral shape completely differ-
ent from that of field emission. The peak maximum is
located at approximately 0.65 eV below the 3PE edge.
Since the transmission probability is unity throughout the
photoemission regime, the peak shape reflects more closely
the electron distribution function. Therefore the spectral
shape indicates a strong modulation of the electron distri-
bution due to e-e scattering processes.

Further investigations of the spectral shapes were done
by systematically measuring EDCs for various tip voltages
and laser powers as shown in Fig. 3. These spectra show a
smooth parametric transition between field emission, pho-
toassisted field emission and photoemission. As a rule of
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FIG. 3 (color online). Measured and simulated EDCs for dif-
ferent tip voltages (dc fields Fg4.) and laser powers [excitation
constant C,,., appears in Eq. (1)]. The work function ® of
4592 eV was used for the simulation. All the spectra are
normalized at their maximum values. The measured EDCs are
shown as dots, and the simulated EDCs as lines. Magnified
spectra are also shown in the spectra at Vi, = —2300 V as
circles for the experiments and lines for the simulations. The
inset (bottom left) shows the measured laser power dependence
of intensities for each excitation order (Vy, = —2300 V). These
intensities were obtained by integrating intensities over the
respective energy regions: field emission (FE) is for
—1.2-0.3 eV, photoassisted field emission and photoemission
from 1PE for 0.3-1.85 eV, 2PE for 1.85-3.4 ¢V and 3PE for
3.4-4.95 eV. The lines are fitting curves with power functions;
exponents are 1.3, 2.1, and 3.2 for 1PE, 2PE, and 3PE,
respectively.

thumb, with decreasing tip voltage and increasing laser
power, the photoemission process becomes dominant,
which is consistent with previous work [8,12,13].
Throughout the whole range of experimental parameters,
no clear onset of optical field emission is observed, which
would be characterized by reentrant strong emission at E.
The inset of Fig. 3 shows a characteristic increase of
intensities as a function of laser power for each excitation
order at Vi, = —2300 V. The field emission (FE) intensity
remains constant.

The influence of electron dynamics in the emission was
clarified by simulating transient EDCs. The basic approach
was the same as that used in Refs. [15,23,25,26]. e-e
interaction, electron-phonon (e-p) interaction, and single-
electron excitation by single-photon absorption are in-
cluded in a system of Boltzmann’s equations to obtain
the temporal evolution of the distribution function of the
electron gas and the phonon gas. Fermi-Dirac and Bose-
Einstein distributions at room temperature were assumed
as initial conditions. The collision terms that describe e-e
and e-p scattering were given in Refs. [23,25], and the term
for the electron-gas excitation by the pump pulse was given
in Ref. [26] as

H(E, 1) = CCXCF(t)gauSS{VE — hf(E—m)[l — f(E)]
—VE + hvf(E)1 — f(E + hv)]}, (1)

where F(#) g5 is @ Gaussian function with a maximum of
unity and a temporal spread of 100 fs in FWHM, and C,.
is an excitation constant which is proportional to the laser
power and is used as a fitting parameter in our simulations.
To calculate e-e and e-p scattering, we used free-electron
and Debye models with a Fermi energy of 9.2 eV [27], a
Debye temperature of 400 K [28], and a sound speed for
longitudinal phonons of 5220 m/s [29]. Calculation of
EDCs were done by using the Fowler-Nordheim theory,
as in previous work [7,8,15].

In the simulations, a laser pulse is moved in 0.2 fs steps
from —200 to 1200 fs across the emission site, where the
time zero is defined when the pulse maximum meets
the emission site as shown in the schematic diagram of
Fig. 4(a). Note that the time steps were refined until con-
vergence was reached at 0.2 fs. Electron distribution func-
tions and EDCs were calculated at each time step. The
resulting transient EDCs were integrated over the entire
time interval. EDCs of field emission without laser excita-
tion were also calculated for the rest of one period of the
laser-pulse repetition cycle (approximately 10 ns), and
added to the EDCs from the first 1400 fs; the resulting
time-integrated EDCs were normalized at the maximum
intensity. Thus obtained simulations were compared with
the measured EDCs normalized at their maximum inten-
sities. Quantitative comparisons based on the absolute
intensities were not done because the transmission function
of the spectrometer is not well known. There are only three
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FIG. 4 (color online). (a) Schematic diagrams and examples
of simulations at three time steps. Transient electron distribution
functions (upper) and EDCs (lower) are shown. The three EDCs
are not drawn to scale. The following fitting parameters were
used: Fg. = 0.502 V/nm, Coe = 4.25 X 107, & = 4.592 eV.
(b) Fermi-Dirac and time-averaged transient electron distri-
bution extracted from field emission and photoassisted field
emission spectra at Vi, = —2300 V together with correspond-
ing simulation curves (solid lines). The extracted data were
normalized to be 0.5 at O eV and then multiplied by
(laser-pulse cycle)/(simulation period). The data points below
1 eV were cut to show only transient electron distribution.
(c) Temporal line profile of the simulated electron pulse.

fitting parameters: (1) the work function ®, (2) the dc field
F4c, and (3) the excitation constant C,,,. Fitting was done
first by adjusting these three parameters at one particular
setting of the tip voltage and laser power (Vy;, = —500 V;
P; =50 mW), and then by simulating time-integrated
EDCs for the other settings by scaling up or down Fj,
and C,,. according to the corresponding tip voltage and
laser power. This procedure was iterated until reasonable
fitting was obtained for all settings.

Figure 4(a) shows simulations at three time steps. The
electron distribution at —100 fs shows a clear multiple step
character, but due to the scattering processes the distribu-
tion function becomes more and more smeared out as time
goes on. Accordingly, the transient EDCs change their
shapes and peak positions with time, showing a relaxation
of photoexcited electrons to lower energies. The resulting
time-integrated EDCs are in good agreement with the
corresponding experimental EDCs as shown in Fig. 3 at
Vip = —500 V and P; = 50 mW. The obtained fitting
parameters of Fy, = 0.502 V/nm and C,,, =4.25X 1073
at this setting were scaled up or down according to the
other settings of Vi, and P, in Fig. 3. Then the time-
integrated EDCs were calculated for all the other experi-
mental EDCs. Throughout all the various conditions, the
simulations are in very good accordance with the experi-
mental EDCs. Thus we conclude that electron dynamics

play a significant role in the electron emission. In fact,
time-averaged nonequilibrium electron distribution func-
tions can be extracted by normalizing the experimental
EDCs by the expected tunneling probabilities as shown
in Fig. 4(b). The extracted data are in good agreement with
the simulated curves for all laser powers. The steps become
more and more smeared out with increasing laser power
because more excited electrons can scatter into lower
energy states, an effect which was also discussed in a
previous study [11,12].

Based on the successful modeling, we further calculate
temporal profiles of electron pulses and comment on the
relevance of these findings in view of designing pulsed
electron sources for the applications mentioned earlier.
From the quantitative description of experimental EDCs
achieved with our simulations, we can be confident to
predict the temporal characteristics of electron pulses
from the energy-integrated transient EDCs; an example
result for Vi, = —500 V and P, = 50 mW is shown in
Fig. 4(c). The profile shows a delay of peak emission
(31 fs) and a squeeze of temporal width (73 fs) relative
to the laser pulse. The delay is caused by the electron
dynamics. The squeeze is due to the nonlinearity of the
multiphoton excitations. As a rule of thumb, these values as
well as energy spreads increase with laser power, before
even considering space charge effects in the vacuum [30].
Such an increase is not desirable for applications in gen-
eral. On the other hand, the electron emission current
increases with laser power. To reach higher intensities
while keeping energy and temporal spreads low, photo-
assisted field emission from a tip array [16,31] illuminated
by low-power laser pulses is considered to be the optimal
solution. Single tip sources used in time-resolved electron
microscopy or holography could potentially reveal dy-
namical properties of nanoobjects.
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